Porcine reproductive and respiratory syndrome (PRRS) caused by the PRRS virus (PRRSV), is one of the most prevalent viral diseases in pigs, causing tremendous financial losses to the global swine industry. In the United States pork industry, PRRS is responsible for a loss of over \$664 million, annually \[[@r4]\]. In 2012, the mean economic loss per sow during the 18-week PSSR outbreak in the Netherlands was estimated at approximately €126 \[[@r25]\]. Clinical symptoms include late-term reproductive failure in pregnant sows, and respiratory distress in piglets and growing pigs. PRRSV is a positive-sense, single-stranded RNA virus that belongs to the *Arteriviridae* and *Nidovirales* family and order, respectively \[[@r4]\]. It mainly replicates in porcine alveolar macrophages in the lungs and lymphoid organs, and damages the host' immune system, leading to weak immune responses, and increasing susceptibility to secondary bacterial, and other viral infections \[[@r13]\]. Current vaccines available for PRRSV prevention include the modified live virus and inactivated vaccines. The PRRSV live attenuated vaccine clinically reduces porcine lung lesions and viral shedding, and confers protection against the homologous virus \[[@r14], [@r26]\], but does not induce adequate heterologous immunity \[[@r9], [@r29]\]. More importantly, the PRRSV live attenuated vaccine can potentially revert to virulence \[[@r30]\]. The PRRSV inactivated vaccine on the other hand, has a good safety profile, but lacks sufficient immunogenicity \[[@r1]\]. An appropriate immune adjuvant may therefore help to potentiate PRRSV inactivated vaccine efficacy. Given that the respiratory mucosa surface is the primary PRRSV infection site, PRRSV vaccine and adjuvant delivery via the intranasal route to elicit both mucosal and systemic immunity, is ideal for protection against PRRSV.

In animals, the B subunit of the *Escherichia coli* heat-labile enterotoxin LTB, is known to be an effective and safe adjuvant for various nasal immunization vaccines \[[@r12], [@r17], [@r24]\]. Lee *et al.* demonstrated that LTB increased antigen-specific serum IgG and IgA antibody titers, and promoted splenic IFN-γ and IL-2 expression in mice, when intranasally co-administered with the *Naegleria fowleri* rNfa1 protein \[[@r11]\]. Furthermore, the rNfa1 protein formulated with LTB successfully rescued 80% mice from *Naegleria fowleri* fatal infection, with no survivor in the rNfa 1-treated group. In another study, LTB was fused to a multi-antigen chimera composed of 3 *Mycoplasma hyopneumoniae* antigens (C-terminalportion of P97, heat shock protein P42, and NrdF), as an intranasal adjuvant. Other animal experiments demonstrated that LTB was essential for enhanced IgG and IgA antibody responses in the serum and tracheobronchial lavages of mice and pigs \[[@r18]\]. Moreover, a recombinant fowl cholera outer membrane protein H (rOmpH) was intranasally co-delivered with LTB in chickens, and the results suggested that the LTB supplement conferred 70% protection against challenge, compared with 0% protection in rOmpH-immunized chickens \[[@r34]\]. Nevertheless, LTB preparation remains challenging, owing to its structural complexity, inclusion forms, and recombinant LTB (rLTB) stability \[[@r16]\]. The methylotrophic *Pichia pastoris*, used as an expression host for producing recombinant proteins, has unique advantages because it has mature posttranslational modifications, is bacterial endotoxin contamination free, and offers low cost fermentation \[[@r15], [@r19]\]. These advantages are often difficult to achieve by prokaryotic expression systems, but essential for large-scale functional protein production. The recombinant cholera toxin B subunit (rCTB) produced by *P. pastoris*, has been reported to perform excellent intranasal adjuvant activities \[[@r5], [@r19], [@r20]\]. Although the method for rLTB production in eukaryotic expression systems has been studied in the past years, intranasal adjuvant properties of rLTB from *P. pastoris* are yet to be reported.

In this study, large quantities of rLTB were produced by *P. pastoris* fermentation in a fed-batch mode, and its mucosal adjuvant activities investigated in mice by intranasal vaccination with a PRRSV antigen. The safety profile of the purified rLTB, as an intranasal adjuvant, was also evaluated. The observations of this study would open room for further porcine research.

MATERIALS AND METHODS {#s1}
=====================

Animals
-------

Female ICR mice aged 6--8 weeks were purchased from the Shanghai Laboratory Animal Center. Animals were housed under specific-pathogen-free conditions and used in accordance with the recommendations of the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animal care/use protocols were approved by the Zhejiang Academy of Agricultural Sciences Institutional Animal Care.

Cells and viruses
-----------------

MARC-145 cells were used to prepare PRRSV stocks and assays. The cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY, U.S.A.) containing 10% (v/v) fetal bovine serum (FBS; Gemini Bio-products, Sacramento, CA, U.S.A.), 2 mM L-glutamine, 100 U penicillin/m*l*, and 100 *µ*g streptomycin/m*l*, at 37°C in 5% CO~2~. A type 2 endemic PRRSV isolated in Zhejiang province was propagated, purified, and titrated in MARC-145 cells.

Preparation of the PRRSV antigen
--------------------------------

The 10th passage of PRRSV (GenBank accession no. FJ536165) was harvested after 72 hr of infection, and titrated in MARC-145 cells with 1 × 10^7^ TCID~50~/m*l*. The virus was then inactivated using 0.05% β-propiolactone (Solarbio Life Sciences, Beijing, China) at 4°C for 12 hr, and another 2 hr at 37°C. Inactivation was confirmed by blindly passaging thrice, in MARC-145 cells. For the enzyme-linked immunosorbent assay (ELISA), the virus was sonicated and quantified using the BCA assay kit (Sangon Biotech, Shanghai, China).

Expression, purification and characterization of rLTB
-----------------------------------------------------

Briefly, *P. pastoris* GS115 strains were transformed with the SalI-linearized pPIC9k-LTB plasmid previously constructed \[[@r37]\] by electroporation, following the manufacturer's instructions (Invitrogen, Carlsbad, CA, U.S.A.). The screening of geneticin G418-resistant *P. pastoris* transformants was first carried out on an MD plate, and then on YPD plates containing 2 mg/m*l* geneticin G418. Each single transformant colony was amplified in YPD medium at 30°C with overnight shaking (250 rpm), and then transferred to BMGY growth medium. The culture was then incubated at 30°C with 24 hr shaking (250 rpm), until OD~600~ reached 6. The entire inoculum was incubated in a fermentor (Bioflo 415; New Brunswick Scientific Co., Edison, NJ, U.S.A.) containing 4 *l* of basal salts medium and PTM1 trace salts. During fermentation, temperature and pH were controlled at 30°C and pH 6, respectively, by water cooling, and the addition of 28% NH~4~OH. The stirring speed was set to 200--950 rpm, to maintain airflow at 2--25 *l*/min. One percent (v/v) methanol containing 1.2% (v/v) PTM1 salts, was initially fed when the glycerol in the medium had been completely exhausted, as indicated by a sudden increase in the dissolved oxygen level. The methanol feeding was controlled at 1.5%, during induction.

The dissolved oxygen level was maintained above 20% during the whole batch time. Culture supernatants were harvested at 24, 48, 72, 96 and 120 hr post methanol initial feeding, and analyzed using 12% SDS-PAGE. Culture supernatants were precipitated with saturated (NH~4~)~2~SO~4~, and purified on a HiTrap^TM^ Ni^2+^ column (Amersham Biosciences, Sunnyvale, CA, U.S.A.), using an AKTA^TM^ FPLC system (Amersham Pharmacia Biotech, Uppsala, Sweden). The GM1-ganglioside binding capability of rLTB was estimated based on ELISA.

GM1--ganglioside binding assay
------------------------------

The GM1-ganglioside binding assay was conducted as previously described \[[@r21]\]. Briefly, a polyvinyl 96-well microtiter plate was coated with 1 *µ*g/m*l* GM1 (Sigma-Aldrich, St. Louis, MO, U.S.A.) in bicarbonate buffer at 4°C overnight, and blocked with 5% skimmed milk in PBS at 37°C for 2 hr. Serial dilutions of protein samples or PBS were added to the wells and incubated for 2 hr at 37°C. Rabbit anti-CT antibody (1:2,000) was added after 3 washes, and incubated for 2 hr at 37°C. A 1:5,000 dilution of HRP-conjugated goat anti-rabbit IgG was added to each well, and incubated for 1 hr at 37°C. Plates were washed again, and 100 *µl* of 3,3′,5,5′-tetramethyl benzidine substrate solution (100 *µ*g/m*l* of 0.1 M citrate-phosphate, pH 5.0) added to each well, and incubated for 15 min. The reaction was stopped with 50 *µl* of 2 M H~2~SO~4~. The ODs of each plate was read at 450 nm, using an ELISA plate reader (Thermo Multiscan MK3; Thermo Scientific, Waltham, MA, U.S.A.).

Intranasal immunization
-----------------------

Thirty-six ICR mice were randomly divided into 6 groups of 6 animals each. Mice were intranasally (50 *µl* volume) immunized with either saline or solely 5 × 10^5^ TCID~50~ inactivated PRRSV antigen or antigen admixed with 200 *µ*g alum, or 10, 50, or 100 *µ*g of rLTB on 0, 7, and 21 days, following intraperitoneal anesthetizing (in 0.1 m*l* volume) with ketamine/xylazine at 0.03/0.015 mg/g body weight.

Mice body weights were monitored on day 0, 7, 14, 21, and 28 post primary immunization. Body weight changes were calculated as percent change in body weight from weight on day 0. On day 28, all mice were euthanized and their blood samples, bronchoalveolar lavage (BAL) fluid, fecal pellets, and vaginal washing collected for antigen-specific antibody assays. The spleens were harvested for determining cytokine production.

Measurement of PRRSV-specific IgA and IgG responses by ELISA
------------------------------------------------------------

An indirect ELISA was conducted to measure PRRSV-specific IgA, IgG, IgG1, IgG2a, and IgG2b antibodies. Briefly, polyvinyl 96-well microtiter plates were coated with 100 *µl* of PRRSV antigen (10 *µ*g/m*l* in 0.05 M carbonate buffer, pH 9.6) at 4°C overnight. The coated plates were washed thrice with PBS+0.05% Tween 20 (PBST) and blocked with 5% skimmed milk in PBS at 37°C for 2 hr. Samples were diluted using 5% skimmed milk in PBS. Aliquots (100 *µl*/well) of appropriately diluted samples were added to duplicate wells, and the plates incubated at room temperature for 2 hr. The sample dilutions used for the ELISA assays were 1:2 for fecal and BAL IgA, 1:20 for vaginal IgA, and 1:1,000 for serum IgG, IgG1, IgG2a, and IgG2b. After another round of washing, 100 *µl* of HRP-conjugated goat anti-mouse IgA (1:1,000), IgG (1:5,000), IgG1 (1:2,000), IgG2a (1:2,000), or IgG2b (1:2,000), was added and incubated at room temperature for 1 hr. Plates were washed again, and 100 *µl* of 3,3′,5,5′-tetramethyl benzidine substrate solution (100 *µ*g/m*l* of 0.1 M citrate-phosphate, pH 5.0) added to each well, and incubated for 15 min. The reaction was stopped using 50 *µl* of 2 M H~2~SO~4~. The ODs of each plate was read at 450 nm using an ELISA plate reader (Thermo Multiscan MK3; Thermo Scientific).

Measurement of rLTB-specific IgA and IgG responses by ELISA
-----------------------------------------------------------

The rLTB-specific IgA and IgG antibody responses were analyzed by ELISA as described above, except for the changes indicated below. Each well was coated with 100 *µl* of rLTB (5 *µ*g/m*l* in 0.05 M carbonate buffer, pH 9.6). To analyze anti-rLTB IgA antibodies, fecal, BAL, and vaginal wash samples were used without dilution. For anti-rLTB IgG antibodies, sera were diluted 1:100.

Cytokine measurement
--------------------

Splenocytes were prepared as mentioned above, and seeded into a 24-well flat-bottom microtiter plate at 5.0 × 10^6^ cells/m*l* in 2 m*l* of RPMI medium (Gibco). Thereafter 20 *µ*g of the PRRSV antigen was added, and incubated at 37°C. After 48 hr treatment, supernatants were collected and measured in duplicates, using the Mouse Magnetic Luminex Screening Assay kit (R&D Systems, Minneapolis, MN, U.S.A.) and a Luminex^®^ 100IS system (Luminex Corp., Austin, TX, U.S.A.).

Blood chemistry analyses
------------------------

Blood samples were collected on days 2 and 28 post primary immunization. Sera were separated and assayed for the levels of alkaline phosphatase (ALP), blood urea nitrogen (BUN), creatinine, and bilirubin, using the respective assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), following the manufacturer's instructions.

Statistical analyses
--------------------

Data are expressed as mean ± standard deviation (SD), and were evaluated using one-way analysis of variance (ANOVA), followed by Dunnet's test. Differences were considered significant if *P* was \<0.05.

RESULTS {#s2}
=======

rLTB expression and immunoreactivity
------------------------------------

To determine the inducible expression of the rLTB protein, culture supernatants were collected at indicated time points post initial methanol addition, and analyzed using SDS-PAGE and Western blot. SDS-PAGE showed that the target protein (approximately 14 kDa) was successfully secreted into the medium, alongside a few other proteins ([Fig. 1A](#fig_001){ref-type="fig"}Fig. 1.Expression, purification, and characterization of the recombinant B subunit of the *Escherichia coli* heat-labile enterotoxin (rLTB). (A) Sodium dodecyl sulfate-Polyacrylamide gel electrophoresis (SDS-PAGE) analyses for rLTB expression at indicated time points, post initial methanol addition to culture supernatants. (B) Western blot analyses for rLTB determination. Lanes 1 and 2: purified rLTB obtained from 2 independent experiments cultured in anti-cholera toxin (CT) antibody; Lane 3: purified rLTB cultured in CT-negative serum. (C) Ganglioside M1 (GM1)-ganglioside binding assay using enzyme-linked immunosorbent assay (ELISA). GM1 ganglioside coated or non-coated plates were incubated with purified rLTB, diluted as indicated. Results are from 2 independent experiments.). Twenty four hours post induction, only traces of rLTB could be detected in the medium. There was a clear increase in quantity after induction for 48 hr, which peaked at 96 hr. The purified protein was recognized by anti-CT antibody, as shown on the Western blot ([Fig. 1B](#fig_001){ref-type="fig"}). No corresponding band was observed in the negative control lane.

The purified rLTB was found to bind to the GM1-ganglioside receptor, and the affinity positively correlated with protein concentration, indicating that the purified rLTB was in the correct pentameric form ([Fig. 1C](#fig_001){ref-type="fig"}).

rLTB enhances PRRSV-specific IgA and IgG antibody responses
-----------------------------------------------------------

Anti-PRRSV IgA and IgG antibodies were measured using indirect ELISA, to evaluate the adjuvant effect of the purified rLTB on humoral-mediated immune responses ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Anti-porcine reproductive and respiratory syndrome virus (PRRSV) antibody responses. Mice (n=6) were intranasally immunized with either saline, PRRSV antigen-only or antigen admixed with 200 *µ*g alum, or 10, 50, or 100 *µ*g rLTB, on days 0, 7, and 21. On day 28, sera were harvested for anti-PRRSV IgG analyses (A), and bronchoalveolar lavage (BAL) fluid (B), vaginal washing (C), and fecal pellets (D) were collected for anti-PRRSV IgA antibody measurements, using indirect ELISA. Data are expressed as mean ± SD. \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001 versus the PRRSV antigen-only group.). Compared with the PRRSV antigen-only group, alum supplement significantly (*P*\<0.001) increased serum IgG antibodies against the PRRSV antigen, but had little effect on mucosal immune response enhancement. The 50 *µ*g rLTB dose significantly (*P*\<0.01) raised PRRSV-specific serum IgG responses, and increased PRRSV-specific IgA antibodies in BAL fluids, fecal pellets, and vaginal washing samples (*P*\<0.001). Significantly (*P*\<0.05) elevated vaginal and fecal IgA responses were also observed in the PRRSV antigen supplemented with 10 *µ*g rLTB group. However, no enhancement activity was observed in the 100 *µ*g rLTB-adjuvanted group.

A high rLTB dose elicits self-destructive antibody responses
------------------------------------------------------------

To determine if antibody responses were elicited against rLTB itself, anti-rLTB IgG and IgA antibody responses were determined using ELISA ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Anti-rLTB IgG and IgA responses. Mice (n=6) were intranasally immunized with either saline, porcine reproductive and respiratory syndrome virus (PRRSV) antigen-only or antigen admixed with 200 *µ*g alum, or 10, 50, or 100 *µ*g rLTB, on days 0, 7, and 21. On day 28, sera (A) were collected for anti-rLTB IgG antibody response analyses. BAL fluid (B), vaginal washing (C), and fecal pellets (D) were collected for measuring anti-rLTB IgA antibody responses. Data are expressed as mean ± SD. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 versus the PRRSV antigen-only group.). Administering 10 or 50 *µ*g of rLTB to mice, elicited limited levels of anti-rLTB serum IgG and mucosal IgA antibody responses, which were similar with those in the PRRSV-only group. However, the 100 *µ*g rLTB dose significantly raised serum IgG (*P*\<0.001), and BAL (*P*\<0.01), fecal (*P*\<0.001), and vaginal (*P*\<0.05) IgA responses against itself, all significantly higher, compared with those in the PRRSV antigen-only group.

rLTB increases PRRSV-specific serum IgG subclass production biased to a Th1-type response
-----------------------------------------------------------------------------------------

The serum levels of PRRSV-specific IgG antibody subclasses were analyzed to assess rLTB effect on T helper cell differentiation. In mice and pigs, IgG1 is produced predominantly by a Th2-type response, while IgG2a and IgG2b are produced by a Th1-type response \[[@r3], [@r22]\]. Compared with the PRRSV antigen-only group, alum, known as a Th2-biased adjuvant, significantly (*P*\<0.001) elevated IgG1 antibody titers against the PRRSV antigen, but had negligible effects on IgG2a and IgG2b antibody induction ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Porcine reproductive and respiratory syndrome virus (PRRSV) specific antibody subclasses. Mice (n=6) were intranasally immunized with either saline, PRRSV antigen-only or antigen admixed with 200 *µ*g alum, or 10, 50, or 100 *µ*g rLTB, on days 0, 7, and 21. On day 28, sera were harvested for IgG1 (A), IgG2a (B), and IgG2b (C) antibody responses, using indirect ELISA. Data are expressed as mean ± SD. \**P*\<0.05 and \*\*\**P*\<0.001 versus the PRRSV antigen-only group.).Conversely, the 50 *µ*g rLTB supplement elicited significantly (*P*\<0.05) stronger IgG2a and IgG2b responses, compared with those in the PRRSV antigen-only group, but had no effect on IgG1 antibody elicitation, suggesting the recruitment of Th1-type immune responses. There was no significant effect by 10 or 100 *µ*g rLTB on the induction of either IgG1 or IgG2 responses.

rLTB promotes Th1- and Th17-type cytokine expression by lymphocytes
-------------------------------------------------------------------

After re-stimulating with the PRRSV antigen *in vitro*, the splenocyte supernatants were collected to determine cytokine production. As shown in [Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Production of IFN-γ, IL-12, IL-4, IL-10, and IL-6 by splenocytes. Mice (n=6) were intranasally immunized with either saline, porcine reproductive and respiratory syndrome virus (PRRSV) antigen-only or antigen admixed with 200 *µ*g alum, or 10, 50, or 100 *µ*g rLTB, on days 0, 7, and 21. Splenocytes were prepared on day 28 and cultured with PRRSV antigen for 48 hr. The supernatants were tested for IFN-γ (A), IL-12 (B), IL-4 (C), IL-10 (D), and IL-6 (E) analyses, using a Luminex^®^ 100IS system. Data are expressed as mean ± SD. \**P*\<0.05 and \*\**P*\<0.01 versus the PRRSV antigen-only group., PRRSV antigen admixed with alum, significantly promoted IL-4 (*P*\<0.05), IL-10 (*P*\<0.05), and IL-6 (*P*\<0.01) production, but had no effect on IFN-γ and IL-12 secretion. Conversely, the 50 *µ*g rLTB supplement significantly (*P*\<0.05) up-regulated IFN-γ, IL-12, and IL-6 expression, but did not alter IL-4 and IL-10 production. There was no significant effect by 10 or 100 *µ*g rLTB on the regulation of any cytokine expression.

Safety of rLTB as an intranasal adjuvant
----------------------------------------

To evaluate the safety of intranasal rLTB delivery, body weight gain was monitored as an indicator of general toxicity. Average mice body weight on day 0 was 21.86 ± 1.14 g. During the vaccination period, the body weight of each adjuvanted group continuously increased, at rates comparable to those in the saline group ([Fig. 6](#fig_006){ref-type="fig"}Fig. 6.Percent change in mice body weights. Mice (n=6) were intranasally immunized with either saline, porcine reproductive and respiratory syndrome virus (PRRSV) antigen-only or antigen admixed with 10, 50 or 100 *µ*g rLTB, on days 0, 7, and 21. Mice body weights were monitored at days 0, 7, 14, 21, and 28 post primary immunization. The changes in body weight were calculated as percent change in body weight, from weight on day 0. \**P*\<0.05 and \*\**P*\<0.01 versus the saline group.). In the PRRSV antigen-only group, mice weights continuously increased on days 7, 14, and 21, but dropped by day 28. The increasing rates in the PRRSV antigen-only group on days 7 (*P*\<0.05), 14 (*P*\<0.01), and 28 (*P*\<0.05), were significantly lower, compared with those in the saline group.

Serum levels of ALP, BUN, creatinine, and bilirubin were analyzed on days 2 and 28, as shown in [Fig. 7.](#fig_007){ref-type="fig"}Fig. 7.Mice serum levels of alkaline phosphatase (ALP), blood urea nitrogen (BUN), creatinine, and bilirubin. Mice (n=6) were intranasally immunized with either saline, porcine reproductive and respiratory syndrome virus (PRRSV) antigen-only or antigen admixed with 10, 50, or 100 *µ*g rLTB, on days 0, 7, and 21. Sera were collected on days 2 and 28, and ALP (A), BUN (B), creatinine (C), and bilirubin (D) levels detected. Data are expressed as mean ± SD. \*\*\**P*\<0.001 versus the saline group. High ALP, bilirubin, BUN, and creatinine levels clinically indicate hepatic and renal dysfunction. In our results, there were no significant treatment-related differences in ALP, BUN, and bilirubin levels. Significantly (*P*\<0.001) decreased creatinine levels were observed in the 10 and 100 *µ*g rLTB adjuvated and non-adjuvanted groups on day 28, compared with those in the saline group, although this decrease is not clinically logical. Therefore, there were no overall adverse effects on hepatic or renal function.

DISCUSSION {#s3}
==========

The preference of the PRRSV inactivated vaccine over the attenuated live vaccine is attributed to safety concerns. However, its poor immunogenicity limits field use. Several reports have demonstrated that PRRSV inactivated vaccine under field situations, failed to induce sufficient specific antibody- \[[@r7]\] and cell-mediated \[[@r23], [@r28]\] immune responses, and conferred little protection against PRRSV \[[@r6]\]. However, a recent strategy using intranasally delivered poly (lactic-co-glycolic) acid nanoparticle-entrapped inactivated PRRSV vaccine, with the whole cell lysate of *Mycobacterium tuberculosis* as adjuvant, elicited a broad cross-protective effect against heterogeneous PRRSV strains \[[@r23]\]. This suggests that a suitable immune adjuvant and appropriate immunization route may help enhance PRRSV inactivated vaccine efficacy. The non-toxic LTB is a potent mucosal adjuvant, which has been used in various vaccines. The expression system of the methylotrophic yeast *P. pastoris,* has been used as an ideal host for large-scale production of recombinant proteins, including rLTB, with many advantages such as high heterologous protein expression, efficient secretion, and high growth density in fermentor cultures \[[@r16]\]. In this study, 49.9 mg/m*l* rLTB protein was successfully produced from *P. pastoris,* and purified on a Ni^2+^ column after concentration, and showed high affinity to the GM1-ganglioside receptor, as shown in [Fig. 1.](#fig_001){ref-type="fig"} The intact receptor-binding site of the LTB pentamer is necessary for its potent adjuvant nature \[[@r16], [@r17]\].

Highly specialized innate and adaptive mucosal immune responses at mucosal surfaces are of major importance in host defense against pathogen epithelial extravastation to cause diseases at other tissues \[[@r2], [@r33]\]. Secretory IgA is the main immunoglobulin isotype mediating humoral immunity at mucosal surfaces. Our antibody results demonstrated that the 50 *µ*g rLTB dose was capable of enhancing systemic and mucosal antibodies to co-delivered antigen, following intranasal immunization. The anti-PRRSV IgA antibodies increased at both the local (BAL fluid) and distal gastrointestinal (fecal pellets) mucosal sites, and urogenital (vaginal wash) tracts in mice, indicating rLTB potential to activate humoral immunity at mucosal sites ([Fig. 2](#fig_002){ref-type="fig"}). The elicitation of antibody responses against the adjuvant itself can inhibit the immune responses raised against the antigen, especially upon repeated use of the adjuvant for host immunization \[[@r27]\]. In this study, strong antibody response against rLTB itself, was observed in mice administered 100 *µ*g of rLTB, which may lead to the suppression of PRRSV-specific immune responses ([Figs. 2](#fig_002){ref-type="fig"} and[3](#fig_003){ref-type="fig"}). As a result, the optimal rLTB dose for adjuvant activities appears to be 50 *µ*g.

Immunity to different infectious agents requires distinct types of immune responses. In pigs, the predominant IgG isotype is controlled by Th1/Th2 type cytokines, and associated with resistance to disease. Recent studies have indicated that PRRSV-infected pigs are typically deficient in Th1-type immune responses, which may lead to prolonged immunosuppression, followed by weaker antibody responses, increased viremia, and greater disease severity \[[@r10], [@r31]\]. Distinct from the alum-induced Th2-biased enhancement effect, the 50 *µ*g rLTB dose only promoted IFN-γ and IL-12 expression, which were associated with predominant IgG2a and IgG2b subclass responses, suggesting the promotion of Th1-biased immune response ([Figs. 4](#fig_004){ref-type="fig"} and[5](#fig_005){ref-type="fig"}). Furthermore, the 50 *µ*g rLTB dose enhanced lymphocyte IL-6 secretion, in response to PRRSV antigen re-stimulation. IL-6, known as a pleiotropic cytokine, serves as an important mediator regulating the balance between Th17 cells and regulatory T cells (Tregs) \[[@r8]\]. Recent research demonstrated that a strain of the Chinese HP-PRRSV appeared to decrease Th17 cells in the peripheral blood and lungs of pigs, increasing susceptibility to secondary bacterial infections \[[@r36]\]. Moreover, the immunosuppressive responses induced by PRRSV infection are associated with a strong Treg response \[[@r32], [@r35]\]. Thus, the rLTB-enhanced IL-6 activities may help to trigger Th17 cell differentiation from naïve T cells, and suppress Treg development, ultimately attenuating PRRSV-induced immunosuppressive responses.

There were no vaccination-related overt clinical signs observed in the immunized mice. The PRRSV antigen-only treatment reduced the rates of weight gain on days 7, 14, and 28, and caused approximately a 3.32% decrease in body weight on day 28, compared with that on day 21 ([Fig. 6](#fig_006){ref-type="fig"}). However, body weight gain in adjuvanted groups increased continuously throughout the vaccination period, comparable with those in the saline group. This suggests that to some extent, rLTB may attenuate the antigen-related weight loss. The detailed blood clinical chemistry indicated no adverse effects on the hepatic or renal function in all the groups ([Fig. 7](#fig_007){ref-type="fig"}).

Summarily, this study demonstrated the intranasal adjuvant properties of rLTB produced from *P. pastoris* fermentation. The presence of rLTB, particularly at the 50 *µ*g dose, significantly increased PRRSV-specific IgA and IgG antibodies, remarkably enhanced Th1- and Th17-type cellular immune responses, and showed no potential toxicity concerns associated with intranasal immunization. Our data therefore supports further porcine research.
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